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Input file structure

“ Title line ”

MATE
< material description >

ENDM

GEOM
< geometry description >

ENDG

SOUR
< initial distribution for neutrons >

ENDS

SIMU
< calculation options >

ENDS

OUTP
< output options >

ENDO

[ Other options ]

ENDData

Materials

Geometry

Sources

Simulation

Output
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Materials

Multi-group approach
Use calculated cross sections for “ macroscopic ” regions - homogenization
Coupled with several deterministic codes

APOLLO2
DRAGON

SCALE

Continuous energy code
Use cross section data files directly (ace format)
Unified energy grid

Correspondence tables
Coupled with VESTA (under development)
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Geometry (1/2)

3D “modular” geometry
made from building blocks called “modules”
Set of independent geometric sub-systems containing volumes

Predefined shapes

Combinatorial operators
Override, Union, Intersection, Subtraction

Rotation (under development)

Lattices (and lattices of lattices)

BOX, SPHERE, CYL{X|Y|Z|Q}, HEX{X|Y|Z}, CON{X|Y|Z}, PLA{X|Y|Z}, Multiple PLAnes …
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Geometry (2/2)

Examples

ARIANE program                                RJH
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Simulation (1/3)

Analog (or natural or conventional) method
Calculation of the proportion of neutrons for each fissile zone to be emitted in 
the following step
Default simulation method (widely used in Monte Carlo criticality codes)

Stratified sampling
Similar to analog method
Each fissile zone contains at least one source neutron at each generation

If necessary, an additional neutron is generated with a reduced weight
Useful for tracking in zones that are weakly coupled with the rest of the system

Superhistory powering
Tracking of source neutrons and its progeny over several generations

Avoid recalculating the source distribution at each generation
Useful to reduce correlations between steps
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Simulation (2/3)

Kij matrix :  neutrons produced by fission in volume i based on one neutron emitted in volume j

Multiplication factor keff =  largest eigenvalue

Neutron distribution  =  associated eigenvectors

Kij (or fission matrix) method
Similar approach as stratified sampling

Use of Kij matrix
Eigenvectors of the Kij matrix simulate the distribution of source neutrons 
for the following step in order to accelerate source convergence

Importance method
Similar approach as stratified sampling
Use of “importance function” based on eigenvectors of the adjoint Kij matrix

Inhibits the creation of neutrons in lower reactivity volumes
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Simulation (3/3)

Wielandt method (under validation)
Accelerate source convergence by modifying the transport equation to 
be solved, by subtracting the same fission source term in each side

Same eigenfunctions
k-eigenvalues are shifted : the dominance ratio is decreased

Alternative tracking approach : Woodcock method
Introduction of new concept : fictive collisions
Only one homogeneous cross section in “woodcock” zone

Fictive cross section for each material in “woodcock” zone
Useful for tracking in (heterogeneous) systems with a high number of 
volumes and/or volumes with complex shapes
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Output

Flexible
User can define his own output quantities

Integrated graphical output
Simulation
Geometry

Includes specific predefined output for coupling with VESTA
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Reactor physics applications
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Application areas

Current reactor applications:
Burn-up credit calculations (fuel pin or assembly level)
Standard applications: PWR – BWR

New and « exotic » applications:
Research reactors: ILL’s RHF, Réacteur Jules Horowitz (RJH, France)
Advanced nuclear systems: GEN IV, hybrid systems, etc.
Fusion systems (ITER, DEMO, etc.)

But also for radiation protection related applications:
Assessment of material activation:

Shielding design (particle induced neutron sources)
Production of medical isotopes

Radioactive waste characterisation
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The ARIANE program: modelling a PWR assembly

Model characteristics:
2D model (no rod end effects)
Use symmetry : 

1/8 assembly for the UO2 samples
1/2 assembly for the MOX samples

Average boron concentration
Individual pins are being depleted:

32 pins for the UO2 samples
94 pins for the MOX samples

Tmod = Tclad = 600 K
Tfuel = 900 K
Nuclear data: JEFF 3.1

10.78 cm

10
.7

8 
cm

See also:
L. Cousin, W. Haeck, B. Cochet, Validating the VESTA Monte Carlo 
Depletion Interface using ARIANE Chemical Assay Data for Pressurised 
Water Reaction Applications, this conference (Monday May 10, session 3B)
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Some actinide results

U isotopes
Overestimation of 235U by 5-10 %
234U and 236U are generally below the 
experimental values

Pu isotopes:
Differences rarely larger than 5-10 %
Underestimation for 238Pu and 242Pu
Overestimation for 239Pu, 240Pu and 
241Pu

Am and Cm isotopes:
Am overestimated
Cm underestimated by at least 10 % 
Large overestimation for 242mAm due 
to branching ratio data
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Fuel performance

Self-shielding in a nuclear reactor
A spatial effect due to the heterogeneity of the reactor
An energetic effect due to cross section resonances

This leads to a radial dependance of the composition of the fuel pellet

Neutron spectra and 
the radial flux 
distribution in a fuel 
pellet
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Fuel performance

Self-shielding and its effect on the 
material composition has an impact 
on fuel performance:

Thermal properties, retention of 
fission products inside the fuel, 
etc.
Local recristalisation of the pellet 
above 60 MWd/kgHM

High burnup structure:
Small grains with an average size 
of around 0.15 µm
Pores with a typical diameter of 1 
to 2 µm
Characterised by Xe loss

Picture taken from C. T. WALKER, D. STAICU, M. SHEINDLIN, D. 
PAPAIOANNOU, W. GOLL, F. SONTHEIMER, “On the thermal 
conductivity of UO2 nuclear fuel at a high burn-up of around 
100 MWd/kgHM”, J. of Nucl. Mat. 350, 19-39 (2006)
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Fuel performance

Radial burn-up and 
plutonium profiles      
in a fuel pellet
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The High Flux Reactor at ILL

A very interesting test case:
An atypical reactor designed to obtain high 
flux levels
Very high burn-up of 250-300 MWd kg-1

Slow moving control element: a few cm day-1

High enriched uranium fuel

VESTA calculations:
Using the MCNP model provided by ILL
One 50 day cycle at 55 MW
Using single day time steps
ENDF/B-VII at 293.6 K

See also:
A. Bergeron, Y. Calzavara, W. Haeck, B. 
Cochet, Study of RHF Conversion in LEU Fuel 
Neutronic Calculations with MCNPX and 
VESTA, this conference (Wednesday May 12, 
session 9C)
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Validating the group structure for the RHF

Reaction MCNP5 VESTA

Neutron capture 5.7893E+00 (2.29 %) 5.7913E+00 (0.03 %)

n,2n 3.4130E-03 (2.81 %) 3.4127E-03 (0.01 %)

n,3n 1.4335E-05 (28.23 %) 1.4338E-05 (0.02 %)

Fission 7.6407E-02 (0.61 %) 7.6408E-02 (0.001 %)

238U single group cross sections as calculated by 
MCNP5 and VESTA using multi-group binning

The standard group structure appears to be 
appropriate for the RHF:

The spectrum inside the fuel plates passes 
the 238U test case
The differences of the values calculated by 
VESTA are negligible compared to the 
standard deviation given by MCNP5
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Reactor operation

Due to fuel burn-up it is impossible to maintain the criticality of a reactor 
without external effort:

10B burnable absorber included at the top and bottom of the fuel plates
The control element in the middle of the core

Taking these control mechanisms into account, results in a constant keff
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Flux distributions

Without control rod movement:
An artificial increase of the flux to obtain the same power level

With control rod movement:
A (relative) stable distribution with a maximum that moves with the 
control rod
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Fissile material consumption

Without control rod movement:
High 235U consumption at the top of the fuel element

With control rod movement:
More 235U consumption in the middle of the fuel element
A local minimum that moves with the control rod
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Uranium consumption and plutonium production

For a typical cycle, the HFR is loaded with 8.58 kg of 235U:
The 235U consumption is slightly constant at 71 to 68 g day-1 with an 
increase after day 10 due to a power increase from 53.6 to 55 MW
At the end of the cycle, 3.40 kg of 235U has been consumed
This is “compensated” with Pu production and consumption:

Steady buildup of 239Pu up to day 15
Buildup slows down afterwards due to increased consumption
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Automated control rod position search for the RHF

For some applications the control rod position is not known and requires an 
automated control rod position search

Determination of cycle length in the HFR’s fuel conversion program

Differences in control rod positions for HEU cycle 150:
Control rod ageing (systematic bias on the control rod position)
Nuclear data uncertainty for fission products
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Conclusions

VESTA and MORET5:
Efficient and accurate
Flexible and easy to use

Good agreement between calculations and experiments for realistic 
applications:

PWR applications
RHF reactor

A code for reactor physics calculations should always be qualified and 
should not be used as a black box

Never ending work in progress!

If you can model it, we can burn it!
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